Abstract. The mechanisms underlying cutaneous melanogenesis have been widely studied; however, very little is known about uveal melanogenesis. Melanin is normally produced by uveal melanocytes and gives the color to the iris. A derangement from this normal production may occur, for instance, by iatrogenic events, such as glaucoma therapy with prostaglandins that may enhance cutaneous and iris pigmentation. In this study, we investigated the mechanisms that regulate uveal melanogenesis in human uveal melanoma cells (92.1) and murine cutaneous melanoma cells (B16-F1). In the first part of the study, we compared the effects of known cutaneous pigmenting agents on the B16-F1 and 92.1 cells, showing an opposite response of the two cell lines. Subsequently, using argan oil, a known depigmenting agent for murine cutaneous melanoma cells, on 92.1 cells, we found that in these cells, it also functioned as an inhibitor of melanogenesis and tyrosinase expression. From a molecular perspective, treatment of the 92.1 cells with argan oil decreased melanogenesis-associated transcription factor (MITF) gene expression by inducing MITF phosphorylation at Ser73, thus leading to MITF ubiquitination and disposal. It also led to the downregulation of the extracellular signal-regulated kinase (ERK)1/2 and Akt pathways, also known to be involved in cutaneous melanogenesis, although with an opposing function. Taken together, our data indicate that: ⅰ) some differences exist in the regulation of melanogenesis between cutaneous and uveal melanoma cells; and ⅱ) argan oil exerts a depigmenting effect on 92.1 cells through its action on the ERK1/2 and Akt pathways.
Introduction
Melanocytes, melanin-producing cells, originate from embryonic neural crest cells (NCCs) (1) . They are found in the epidermis, hair and iris, but are also distributed in the nervous system, inner ear and heart (2,3). Other types of cells able to produce melanin are cells of the retinal pigmented epithelium, the epithelia of the iris and the ciliary body in the eye, as well as adipocytes and some neurons (4, 5) .
The most important inducer of melanogenesis is the α-melanocyte-stimulating hormone (α-MSH), which exerts its effects through melanocortin receptor 1(MC1R) (6) . Melanin biosynthesis is catalyzed by tyrosinase as the rate-limiting enzyme, together with tyrosinase-related proteins 1 and 2 (7) . The main transcriptional activator of these melanogenic enzymes is the microphthalmia transcription factor, melanogenesis-associated transcription factor (MITF) (8) , the activity of which may be regulated by several signaling pathways. It is well known that the phosphoinositide 3-kinase (PI3K)/Akt pathway negatively regulates the expression of MITF (9) , while the activation of extracellular signal-regulated kinase (ERK) phosphorylates MITF at Ser73, thus leading to its ubiquitination and degradation (10) .
The regulation of melanogenesis in cutaneous melanocytes has been extensively investigated (11) (12) (13) ; however, little is known about the role of α-MSH and MC1R in the growth of human uveal melanocytes and melanin production. It has been reported that several cell lines of iridal origin or choroidal melanocytes from human donor eyes exhibit no detectable amount of MC1R and show no response to α-MSH treatment, independently from iris color (14) . These results suggest a differential regulation of melanogenesis in the area of the eye and may explain the difference in the in vivo functions between cutaneous and uveal melanocytes, such as the tanning response following exposure to solar radiation, that is evident in skin, but not in melanocytes from the iris.
Although it may seem that melanin production is hardly regulated in the adult eye, it has been demonstrated that prostaglandin analogs used for the treatment of elevated intraocular pressure in patients with primary open-angle glaucoma may cause an increase in pigmentation in periocular skin and a spotted iris hyperpigmentation (15) .
It has been demonstrated that melanin synthesis can be modulated by various effectors, including mangosteen (Garcinia mangostana) leaf extract (16) , baicalein (one of the major flavonoids in Scutellaria baicalensis) (17) , Wnts (a large family of secreted glycoproteins that act as ligands to activate receptor-mediated signaling pathways) (18) , extract of Angelicae Gigantis Radix (19) and lactoferricin B (a peptide of bovine lactoferrin) (20) . Several molecules are known to
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NUNZIA CAPORARELLO 1 be endowed with lightening activity on cutaneous melanocytes (21) , whilst currently no molecules with a similar activity on ocular melanocytes have been described, at least to the best of our knowledge. Argan oil, for instance, is derived from the fruit of Argania spinosa and is widely used in folk medicine and in cosmetics for the treatment of eczema, psoriasis, skin inflammation, to heal burns and wounds, to cure brittle fingernails, and to prevent hair loss and dry hair. Recently, it has been shown that argan oil exerts a depigmenting effect in vitro on mouse cutaneous melanoma cells (22) .
Therefore, in this study, we used argan oil to examine melanin biosynthesis and its regulation in iris-derived melanocytes, using melanin content and tyrosinase as markers of melanogenesis, and MITF, ERK1/2 and Akt as markers of its regulation. Table Ⅰ ) was purchased from Natural Sourcing LLC (Oxford, CT, USA) and used as a fine emulsion in growth medium.
Materials and methods

Chemicals
Cell culture. The B16-F1 mouse cutaneous melanoma cells were a kind gift from Dr Vera Cardile (Department of BIOMETEC, University of Catania, Catania, Italy); the cells were routinely cultured as monolayers in Falcon Petri dishes (Lincoln Park, NJ, USA) in a humidified incubator at 37˚C with DMEM and 10% FCS. The 92.1 human uveal melanoma cell line was purchased from the Cell Factory-IST (Genoa, Italy) and grown in monolayer cultures in regular RPMI-1640 medium supplemented with 10% heat-inactivated FBS, 100 IU/ml penicillin, 100 µg/ ml streptomycin and 2 mmol/l of L-glutamine in a humidified atmosphere (5% CO 2 /95% air) at 37˚C.
Cell viability. Monolayer cultures of 92.1 cells were seeded in 96-well plates at 10 4 cells/well in 0.1 ml of complete culture medium in the absence or in presence of argan oil. To determine cell viability, the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrasodium bromide (MTT) assay was used (Chemicon, Temecula, CA, USA). At the end of the treatment time, the cells in each well were incubated at 37˚C with additional 0.01 ml MTT (5 mg/ml) for 4 h; subsequently, 0.1 ml isopropanol in the presence of 20 µl of 5% (w/v) sodium dodecyl sulfate (SDS) in water was added and, after 1 h, the absorbance was measured at 570 nm in a plate reader (VarioSkan; Thermo Fisher Scientific) (23, 24) .
Melanin content. Melanin content was determined as previously described (25) . Briefly, the 92.1 and B16-F1 cells were seeded in 6-well plates at a cell density of 1x10 5 cells/well and 2x10 5 cells/well, respectively, and treated with either forskolin or argan oil at various concentrations and for different periods of time, as indicated in the figure legends. The MAP kinase inhibitor, PD98059 (25 µM), or the PI3K/Akt inhibitors, wortmannin (50 nM) and LY294002 (20 µM), were incubated with the cells in the absence or presence of forskolin (50 µM) for 48 h. Following incubation, the medium was removed, and the cells were mechanically detached and pelleted. Melanin in cell pellets was dissolved in 1 M NaOH/10% DMSO by boiling for 1 h. Determination of the melanin content was carried out by optical reading at 490 nm and the relative melanin quantity was normalized to the protein concentration of each sample, measured by BCA protein assay (BCA protein assay kit; cat. no. sc-202389; Santa Cruz Biotechnology, Inc.).
Western blot analysis. The cells were plated in 60 mm dishes at a cell density of 2x10 5 cells/dish and treated with either forskolin or argan oil at various concentrations and for different periods of time, as indicated in the figure legends. In some experiments, the MAP kinase inhibitor, PD98059 (25 µM), or PI3K/Akt inhibitors, wortmannin (50 nM) and LY294002 (20 µM), were incubated with the cells in the absence or presence of forskolin for 48 h. Following incubation, the cells were lysed in the dish by CHAPS buffer cell lysis (5 mM MgCl 2 , 1 mM EGTA, 100 mM NaCl, 10% Glicerol, 1% CHAPS, 25 mM Hepes, 1 mM sodium orthovanadate) and the protein concentration was determined by BCA protein assay. Western blot analysis was performed as previously described (26) . The membranes were incubated with primary antibodies (1:1,000, 4˚C, overnight) and then incubated with secondary antibodies rabbit anti-goat (sc-2768; Santa Cruz Biotechnology, Inc.), donkey anti-rabbit (NA934V; Amersham), sheep anti-mouse (NA931V; Amersham) (1:2,000, at room temperature for 1 h). The immunocomplexes were detected by enhanced chemiluminescence reagent (ECL; GE Healthcare Life Sciences, Little Chalfont, UK). All blots were standardized for equal loading by actin monoclonal antibody staining. in complete culture medium for 3 days with daily changing of the emulsion. The cells were cultured for 2 more days in the absence of argan oil to examine the reversibility of the effect. Following incubation, RNA was extracted from the monolayer cells using TRIzol reagent (Thermo Fisher Scientific) according to the manufacturer's instruction and re-dissolved in 30 µl RNase-free water (27) . Reverse transcription-semiquantitative PCR was conducted as previously described. The RNA concentration and purity were estimated by optical density at 260 and 280 nm (28) . First-strand cDNA was reverse transcribed in a 20 µl reaction volume with SuperScript Ⅲ (Thermo Fisher Scientific). The PCR reactions were performed using Platinum PCR SuperScript (Thermo Fisher Scientific). Cycling parameters were initial denaturing, 94˚C for 2 min, denaturing, 94˚C for 30 sec, annealing at specific temperature (55-56˚C) for 40 sec, extension (72˚C for 30 sec), and a final extension step at 72˚C for 5 min. Specific primers for human MITF, tyrosinase and β-actin genes were used in semi-quantitative RT-PCR. A 92 bp product, using a forward primer (5'-AAGGCCAAGTGACACCAGCC-3') and reverse primer (5'-GAAACAGAGCAACGAGATGGG-3'), was amplified for human tyrosinase. A 116 bp product, using a forward primer (5'-AAGTGAACGTGTTCGAGAGG-3') and reverse primer (5'-GATGATGCGGCTGTGATGG-3'), was amplified for MITF. The primers used for β-actin were forward, 5'-TAGACAAGATGGTGAAGG-3' and reverse, 5'-GCAGGGATGATGTTCTGG-3' and their amplification product was 650 bp.
Statistical analysis. The statistical significance between 2 groups was analyzed using the Student's t-test. One-way analysis of variance (ANOVA), followed by Tukey's post hoc test, was used to compare the means for the multiple groups. A p-value <0.05 was considered to indicate a statistically significant difference. The results presented in Fig. 2 basically confirmed the abovementioned results, using melanin as a marker of differentiation. As shown in Fig. 2A , incubation of the B16-F1 mouse cutaneous melanoma cells with the adenyl cyclase activator, forskolin, increased melanin production by >4-fold. The inhibition of ERK1/2 and PI3K/Akt with the specific inhibitors increased the melanin content both in the absence (by 1.5-and 2.6-fold in comparison to the control cells) and in the presence of forskolin (by 1.6-and 1.8-fold in comparison to the forskolintreated cells). By contrast, in the 92.1 human uveal melanoma cells (Fig. 2B) , the inhibition of ERK1/2 and PI3K/Akt led to a significant decrease in the melanin content in the absence of forskolin (57 and 59%, respectively in comparison to the control cells). Treatment with forskolin alone decreased the melanin content by 57% in comparison to the control cells, and the inhibition of both ERK1/2 and PI3K/Akt in the forskolin-treated cells decreased the melanin content by 47 and 55%, respectively. Taken together, these data clearly indicate the differential regulation of tyrosinase expression by ERK1/2 and PI3K/Akt in the two melanoma cell lines of different origin.
Results
Tyrosinase expression and melanin content in cutaneous and uveal melanoma cells: effects of specific modulators.
Effect of argan oil on 92.1 cell viability.
Cell viability following a 5-day exposure to argan oil fine emulsion in growth medium at 1/100, 1/1,000 and 1/10,000 v/v dilution exerted no toxic effects (Fig. 3A) . Therefore, the 1/100 v/v dilution was selected for use in the subsquent experiments. A cell growth curve at this dilution also exhibited no significant difference in cell viability between the untreated cells and cells treated for 1-5 days with argan oil (Fig. 3B) .
Argan oil elicits a time-dependent decrease in tyrosinase protein and gene expression in 92.1 cells.
To investigate the possible role of argan oil in melanogenesis, we evaluated tyrosinase expression in the 92.1 cells following incubation for 1, 2, 3 and 5 days with 1% argan oil. As shown in Fig. 4A , argan oil induced a decrease in tyrosinase protein expression progressing until day 3, and then an increase after 5 days. In particular, a decrease of 71, 81, and 84% in comparison to the the control cells was observed following treatment of the cells with 1% argan oil for 1, 2 and 3 days, respectively. After 5 days, an increase in tyrosinase expression (a recovery of 2.9-fold compared to day 3) was observed in comparison to the shorter incubation periods, while maintaining a 47% reduction, in comparison to the control cells. Semi-quantitative RT-PCR (Fig. 4B) revealed a similar time-dependent variation in tyrosinase gene expression, with a reduction of 61, 59, 63 and 48% after 1, 2, 3 and 5 days, respectively, in comparison to the control cells.
Argan oil treatment reduces the melanin content in 92.1 cells.
In agreement with the data already obtained, treatment of the 92.1 cells with argan oil also indcued a significant and progressive decrease in melanin content up until day 3 of stimulation (36, 48 and 57% of reduction after 1, 2 and 3 days, respectively, in comparison to the control cells) with a partial recovery after 5 days of treatment (35% of reduction at day 5 in comparison with the control cells) (Fig. 5) . The different gray intensity of the cell pellets, just before their lysis in hot NaOH for the detection of melanin content, clearly illustrates the depigmenting effect following treatment with argan oil (Fig. 5) .
Argan oil promotes MITF degradation, decreases MITF gene expression and impairs ERK1/2 and AKT phosphorylation in 92.1 cells.
Due to the observed effects of argan oil on melanin biosynthesis and tyrosinase expression, we investigated the expression of the transcription factor, MITF.
As shown in Fig. 6A , as already observed for tyrosinase expression and melanin production, treatment with argan oil progressively increased the phosphorylation and further proteasome the degradation (10) of MITF at Ser73 (20% at day 1, 120% at day 2 and 160% at day 3) with a partial recovery following treatment for 5 days (20% increase in comparison to the control cells). Argan oil also decreased MITF gene expression (Fig. 6B) . However, a different trend was observed in this case; this involved a sharp reduction following incubation with argan oil for 1 and 2 days, followed by a progressive recovery following incubation for 3 and 5 days (90, 74, 54 and 35% of reduction after 1, 2, 3 and 5 days, respectively, in comparison to the control cells).
Given that specific inhibitors of ERK1/2 and PI3K/Akt phosphorylation decreased tyrosinase expression and the melanin content in 92.1 cells, we wished to determine whether argan oil can influence ERK1/2 and PI3K/Akt activation and expression.
As shown in Fig. 7A , p-ERK1/2 and ERK protein expression levels were examined. As expected, 1% argan oil reduced 
Discussion
The human iris contains two types of pigmented cells, epithelial cells and melanocytes. Iris pigmented epithelial cells are located in a double layer at the posterior surface of the iris, and do not produce melanin in vitro (32) . Their melanin content does not vary significantly between irises of different colors, and thus it is believed that they play a minor role in iris color variations (33) (34) (35) . Uveal melanocytes are dispersed in the iris stroma and do produce melanin in vitro (36) ; their melanin content varies in different colored irises (both in vivo and in vitro), and thus that they represent the main factor in determining iris color (33) (34) (35) (36) . Ocular pigmentation in humans is assumed to stabilize past infancy; however, a study on eye color changes in a group of twin pairs, enrolled in the Louisville Twin Study, revealed that the iris pigmentation was variable throughout adolescence in 10-15% of subjects (37) . The uneven darkening of iris color is a well-known side-effect of glaucoma treatment with prostaglandins or prostaglandin analogues, such as isopropyl unoprostone or latanoprost (15, 38) . Thus, the changes in iris color during a human lifetime may be more frequent than supposed both for physiological and pathological events.
Uveal and cutaneous melanocytes have different functions. Cutaneous melanocytes continuously synthesize and transfer melanin to keratinocytes, in a juxtacrine-regulated interaction in which keratinocytes respond secreting growth factors for melanocytes (39) . Similar to cutaneous melanocytes, conjunctival melanocytes transfer melanin to conjunctival epithelial cells (40) . Finally, ocular albinism depigmentation occurs in the eye, but not in the skin (41) , indicating that melanogenesis in uveal and cutaneous melanocytes involves different pathways, starting from the lack of response of uveal melanocytes to MSH, the melanocyte stimulating hormone, the main orchestrator of cutaneous melanogenesis (14) .
Considering the pivotal role of the ERK1/2 and PI3K/Akt pathways in the regulation of cutaneous melanogenesis (42), we set out to explore the role of these two pathways in the regulation of ocular melanogenesis by using molecules able to interfere with the regulation of melanogenesis. We used B16-F1 mouse cutaneous melanoma cells and 92.1 human uveal melanoma cells, both with a detectable melanin content (43) .
Our results revealed that ERK1/2 and PI3K-Akt played an opposing role in the regulation of melanogenesis in the iris melanoma cells in comparison to the cutaneous melanoma cells. Surprisingly, specific inhibitors of both kinases significantly decreased tyrosinase protein expression and melanin content in the 92.1 cells, but not in the B16-F1 cells, where significant increases were observed. Even more surprisingly, in the presence of forskolin, we did not observe an increase (such as in the B16-F1 cells), but rather a marked decrease in tyrosinase protein expression and melanin content in the 92.1 cells.
Argan oil is already widely used for cosmetic and medicinal purposes and one in vitro study showed its depigmenting activity on B16-F1 cells (17) . Moreover, another in vitro study showed its ability to reduce ERK1/2 and Akt phosphorylation in the HTC liver cell line (44) . For these reasons, we used it in our cellular model in order to modulate ocular melanogenesis.
Argan oil exhibited a time-dependent depigmenting activity, with a decrease in both tyrosinase gene and protein expression, and in the melanin content, an increase in the phosphorylation of MITF at Ser73, probably leading to its ubiquitination and degradation, and a decrease in MITF gene expression. Moreover, argan oil decreased ERK1/2 and Akt phosphorylation and, taking into account our results, this may be the mechanism through which argan oil exerts its depigmenting effects on human uveal melanoma cells.
The understanding of the molecular mechanisms which regulate uveal melanogenesis may have significance in the treatment of several eye diseases. It has been observed that the development of certain eye diseases may be related to exposure to ultraviolet and visible light. In this regard, a population-based study demonstrated that exposure to sunlight may be associated with age-related macular degeneration, a greater incidence in blue irises than in brown irises patients (45) .
For these reasons, the study of ocular melanogenesis mechanisms and the identification of molecules able to modulate it, similarly to what has been done for cutaneous melanogenesis, may have both cosmetic and medical implications. Further studies are therefore warranted in order to fully determine the mechanisms of ocular melanogenesis.
